Superoxide dismutases (SODs) are metalloenzymes that play a primary role in the protection against oxidative stress in plants and other organisms. We have characterized four SOD genes in Lotus japonicus and have analyzed their expression in roots and four developmental stages of nodules. The expression of cytosolic CuZnSOD, at the mRNA, protein, and enzyme activity levels, decreases with nodule age, and the protein is localized in the dividing cells and infection threads of emergent nodules and in the infected cells of young nodules. The mitochondrial MnSOD was downregulated, whereas the bacteroidal MnSOD displayed maximal protein and enzyme activity levels in older nodules. Two additional genes, encoding plastidic (FeSOD1) and cytosolic (FeSOD2) FeSOD isoforms, were identified and mapped. The genes are located in different chromosomes and show differential expression. The FeSOD1 mRNA level did not change during nodule development, whereas FeSOD2 was upregulated. The distinct expression patterns of the SOD genes may reflect different regulatory mechanisms of the enzyme activities during nodule ontogeny. In particular, at the mRNA and activity levels, the virtual loss of cytosolic CuZnSOD in mature and old nodules, concomitant with the induction of FeSOD2, suggests that the two enzymes may functionally compensate each other in the cytosol at the late stages of nodule development.
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Legume nodules are symbiotic structures formed by the molecular interaction between soil rhizobia and plant roots. The bacteroids housed in the nodules are capable of fixing atmospheric N 2 at the expense, ultimately, of the energy derived from photosynthates translocated from the shoot. Nodules contain antioxidant enzymes and metabolites to protect N 2 fixation from reactive oxygen species, such as the superoxide radicals and H 2 O 2 , which can be formed, among other processes, by the autoxidation of leghemoglobin in the cytosol, the oxidation of nitrogenase and ferredoxin in the bacteroids, and the electron transport chains of the mitochondria, bacteroids, peroxisomes, and endoplasmic reticulum (Dalton 1995; Matamoros et al. 2003) . Antioxidant enzymes may fulfill additional functions by regulating the concentration of reactive oxygen species, which act as second messengers in signaling pathways (Mittler et al. 2004) .
The superoxide dismutase (SOD; EC 1.15.1.1) family of metalloenzymes catalyze the dismutation of superoxide radicals to O 2 and H 2 O 2 and, thus, represent a primary line of defense against oxidative damage in virtually all organisms (Scandalios 1997) . Three types of SODs, containing Cu and Zn, Mn, or Fe in the active site, may coexist in plant tissues. All of them were detected in nodules by assaying enzyme activity in crude extracts or purified organelles. These studies showed that the CuZnSODs are in the cytosol and plastids, the MnSODs in the bacteroids and mitochondria, and the FeSODs in the plastids (Becana et al. 1989; Puppo et al. 1987) . Recent work using RNA in situ hybridization and immunogold-labeling techniques revealed that the cytosolic CuZnSOD (CuZnSODc) and the mitochondrial MnSOD display different expression patterns (mRNA and protein) in indeterminate nodules, which suggests specific protective roles for the two types of enzymes (Rubio et al. 2004) .
The FeSODs are the most enigmatic type of SODs in plants. Previously thought to be present only in a few families of higher plants (Bridges and Salin 1981) , it is now generally believed that the FeSOD genes are widespread, albeit not always expressed, in the plant kingdom (Van Camp et al. 1990 ). Plant FeSODs typically are localized in the chloroplasts (Tsang et al. 1991; Van Camp et al. 1990 ); however, recently, an FeSOD isoform has been localized in the cytosol of Vigna unguiculata nodules (Moran et al. 2003) . Thus, at least two FeSOD isoforms, differing in subcellular localization, may occur in legumes (Moran et al. 2003; Rubio et al. 2001) . Little is known about the structure and function of the FeSOD genes. Three FeSOD genes have been identified in Arabidopsis thaliana (Kliebenstein et al. 1998 ) and two in Oryza sativa (Kaminaka et al. 1999 and GenBank accession number XM_550506), which were reported to encode plastidic proteins.
In this work, we have characterized SOD genes of the model legume Lotus japonicus and its symbiotic partner, Mesorhizobium loti. In addition to the genes encoding cytosolic CuZn-SOD (LjCuZnSODc) and mitochondrial MnSOD (LjMnSOD), we have identified and mapped two genes (LjFeSOD1 and LjFeSOD2) encoding plastidic and cytosolic FeSOD isoforms, respectively. Gene expression and immunohistochemical studies show downregulation of LjCuZnSODc and LjMnSOD, no effect on LjFeSOD1 expression, and upregulation of LjFeSOD2 during nodule development. The mRNA level of the bacteroidal MnSOD gene (MlMnSOD) was maximal in young nodules and then decreased slightly, whereas the corresponding protein and enzyme activity were highest in older nodules. Results reveal a switch in the expression of LjCuZnSODc (predominant in young nodules) and LjFeSOD2 (predominant in old nodules) in the cytosol of host cells, suggesting different regulatory mechanisms and functions for the two enzymes during nodule ontogeny.
RESULTS

Identification and characterization of LjSOD genes.
The first aim of this study was to identify SOD genes of L. japonicus. A search in the TIGR Lotus Gene Index database allowed us to obtain the complete open reading frames (ORFs) of LjCuZnSODc (TC8588) and LjMnSOD (TC8244). However, because there was a single expressed sequence tag (EST) encoding a putative FeSOD (BP034738), an L. japonicus nodule cDNA library was polymerase chain reaction (PCR) screened using degenerated (based on higher plant FeSOD cDNAs) or specific (based on the EST) primers. As a result, we isolated cDNA clones corresponding to two genes, designated as LjFeSOD1 and LjFeSOD2.
The complete genomic sequences were obtained by screening bacterial artificial chromosome (LjCuZnSODc) or transformation-competent artificial chromosome (LjMnSOD, LjFeSOD1, and LjFeSOD2) genomic libraries. The relevant clones and chromosome map positions of the genes are indicated in Table 1 . The exon-intron organization of the LjSOD genes was determined by BLAST2 alignment of the cDNA and genomic sequences (Fig. 1) . The LjCuZnSODc gene contains eight exons and the first intron is inserted within the 5′-untranslated region (UTR), as occurs with the CuZnSODc genes of Zea mays (Sod4 and Sod4A), A. thaliana (At1g08830; CSD1) , and other higher plants (Scandalios 1997) . The placement of the intron in the 5′-UTR is similar, at 12, 20, and 13 bp upstream of the start site of translation for the genes of Z. mays, A. thaliana, and L. japonicus, respectively. The LjMnSOD gene consists of six exons, of which exons two to five have identical or similar sizes to those of the homologous genes of A. thaliana (At3g10920; MSD1), O. sativa (AB026725), and Pisum sativum (U30841). The LjCuZnSODc and LjMnSOD nucleotide sequences at the exon-intron boundaries conform to the GT-AG rule for splice junction sites of eukaryotic genes (Shapiro and Senapathy 1987) . The two LjFeSOD genes consist of nine exons with identical or similar sizes, whereas the three FeSOD genes of A. thaliana contain seven (At4g25100; FSD1), nine (At5g51100; FSD2), or eight (At5g23310; FSD3) exons (Kliebenstein et al. 1998) . Interestingly, the exon-intron boundaries of the three genes of A. thaliana follow the GT-AG consensus sequence for splice junctions, whereas the exon four-intron four boundaries of the two LjFeSOD genes have, instead, a GC-AG splice site. These GC-AG introns are the most abundant subtype of noncanonical introns, comprising 1.1 and 2.5% of cDNA-supported introns in A. thaliana and O. sativa, respectively (Sparks and Brendel 2005) . Although no significant over-representation in any particular functional class for GC-AG intron-containing genes was observed, a subset of GC-AG introns is reported to be involved in alternative splicing or in splicing regulation (Farrer et al. 2002) .
The predicted properties of the LjSOD proteins are indicated in Table 1 . The MitoProtII, PSORT, ChloroP, and TransitP prediction programs confirmed that LjMnSOD and LjFeSOD1 have N-terminal transit peptides for sorting to the mitochondria and chloroplasts, respectively, and that LjCuZnSODc and LjFeSOD2 lack any signal for organelle targeting and are localized in the cytosol. The LjFeSOD proteins displayed poor homology (57% of identity) between them. There also was low homology between the LjFeSODs and the A. thaliana FeSODs. The highest sequence identities (60%) were found between LjFeSOD1 and FSD2 or between LjFeSOD2 and FSD1. The two LjFeSODs and the three A. thaliana FeSODs contain the sod-Fe-N (α-hairpin) domain and the sod-Fe-C (α/β-carboxyl terminal) domain, which are typical of plant FeSODs (Fink and Scandalios 2002) . The complete FeSOD amino acid sequences from plants available in the databases were used to construct a phylogenetic tree with five groups (Fig. 2A) . Cluster I includes the FeSODs from monocots, Gossypium hirsutum, and A. thaliana (FSD3); clusters II and III, most of the FeSODs from dicots; cluster IV, the FeSODs from green algae; and cluster V, the FeSODs from mosses, ferns, and gymnosperms. The FeSOD from Zantedeschia aethiopica was not rooted in any of the clusters. The prediction programs indicated that the FeSODs in the various clusters differ in their subcellular localization, with a few exceptions ( Fig. 2A) . Clusters I and II contain FeSODs with a chloroplast signal peptide, except for the enzyme of G. hirsutum, which is devoid of it. Conversely, cluster III contains FeSODs without transit peptide, suggesting a cytosolic localization, except for the enzyme of Lycopersicon esculentum, which is predicted to have a chloroplast transit peptide. It is worth noting that A. thaliana FSD1, annotated as a putative plastidic isoform (Kliebenstein et al. 1998) , groups in this cluster. However, in silico sequence analyses of the three A. thaliana FeSODs confirm the prediction that FSD2 and FSD3 are plastidic isoforms (Kliebenstein et al. 1998 ), but suggest that FSD1 is a cytosolic protein, in agreement with phylogenetic groupings. Finally, cluster IV includes FeSODs with putative mitochondrial transit peptides and cluster V contains proteins with ambiguous subcellular localization, except for the enzyme of the moss Barbula unguiculata, which lacks any transit peptide ( Fig. 2A) . The LjFeSOD1 and LjFeSOD2 proteins are grouped in separate clusters, which is consistent with their putative localizations in the chloroplasts and cytosol, respectively ( Fig. 2A) . The alignment of the N-terminal sequences of legume FeSODs gives strong support for the existence of two distinct types of isoforms according to the presence or absence of transit peptides for organelle targeting (Fig 2B) . Of particular interest is that, of the three FeSODs reported in Glycine max, isoforms 1 and 2 are predicted to be located to the cytosol (clustering with LjFeSOD2) and only isoform 3 to the plastids ( Fig. 2A and B) .
Expression of LjSOD genes and proteins during nodule development.
The steady-state mRNA levels of the LjSOD genes were determined by quantitative reverse-transcription (qRT)-PCR in young roots (R) and in emergent (N1), young (N2), mature (N3), and old (N4) nodules. To monitor nodule development, several markers were quantified simultaneously to the mRNA levels of the LjSOD genes (Fig. 3) . These include the mRNA levels of the cytosolic ascorbate peroxidase (LjAPXc) and "nodule inception" (LjNin) genes of L. japonicus and of the nifH gene of M. loti (MlnifH) . The APXc of nodules accounts for up to 0.9% of the soluble protein and its activity is correlated with N 2 fixation (Dalton et al. 1987) . The NIN protein is involved in nodule inception and development (Schauser et al. 1999) . As expected, the mRNAs of LjAPXc and LjNin were particularly abundant in emergent or young nodules, and declined in old nodules. The expression of the MlnifH gene, a useful marker of bacteroid activity, increased by approximately 400-fold in young nodules and moderately declined in mature and old nodules, but remained above the value of emergent nodules (Fig. 3) . The MlMnSOD of bacteroids showed maximum expression at the mRNA level in young, mature, and old nodules. The LjSOD genes were differentially expressed during nodule development. The mRNA levels of LjCuZnSODc in roots and emergent nodules were similar, and decreased in young, mature, and old nodules (Fig. 3) . A similar response was observed for the mRNA levels of LjMnSOD. In sharp contrast, the expression of LjFeSOD1 remained constant and LjFeSOD2 mRNA levels increased by 20-, 124-, and 79-fold in young, mature, and old nodules, respectively (Fig. 3) .
The relative abundance of LjSOD proteins at the different developmental stages of nodules was determined by immunoblots after sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 4A ) and native-PAGE (Fig. 4C) . Because the polyclonal antibody raised against the MnSOD of O. sativa recognized both mitochondrial and bacterial MnSODs, additional immunoblots of native-PAGE gels were performed to differentiate between the two nodule enzymes. Extracts of free-living M. loti bacteria and partially purified M. loti bacteroids, roots, and leaves were included in the blots to verify enzyme identities (Fig. 4B) . The MnSOD antibody recognized two protein bands in nodules and a single protein band in the other extracts. The upper immunoreactive band of nodule extracts was assigned to mitochondrial LjMnSOD and the lower immunoreactive band to bacterial MlMnSOD by comparison with the bands observed in the bacteria, bacteroid, root, and leaf extracts (Fig. 4B) . However, the LjFeSOD1 and LjFeSOD2 isoforms could not be differentiated in the immunoblots and the proteins were quantified together. The LjFeSOD proteins were absent in emergent and young nodules, but were abundant in mature and old nodules (Fig. 4A) . In sharp contrast, the LjCuZnSODc protein was virtually undetectable in the mature and old nodules (Fig. 4A) . The LjMnSOD protein declined in young relative to emergent nodules, and remained low in the older nodules, whereas the MlMnSOD protein could not be detected in emergent nodules and increased with nodule age (Fig. 4C) .
The isoform composition of LjSODs in nodules was determined by native-PAGE and differential inhibition with cyanide or H 2 O 2 prior to activity staining of gels. The nodule extracts contained two CuZnSOD isoforms (cytosol and plastids), two MnSOD isoforms (mitochondria and bacteroids), and two FeSOD isoforms (cytosol and plastids). The total SOD activity was approximately 21 units per milligram of protein for all developmental stages, but isoform pattern was markedly affected 
sativa isoform 2, XP_550506), Ppin (Pinus pinaster, AAS47494), Psat (Pisum sativum partial FeSOD, CAD42655), Pvul (Phaseolus vulgaris, TC2739), Rsat (Raphanus sativus, AAC15842), Vung (Vigna unguiculata, AAF28773), Zaet (Zantedeschia aethiopica, AAC63378), and Zmay (Zea mays, BAD89495) . B, Alignment of the deduced N-terminal sequences of legume FeSODs. White letters on a black background represent conserved residues on seven or more sequences.
by nodule age. As compared with the LjCuZnSODc, the activity of plastidic LjCuZnSOD was minor and the protein was not recognized by the CuZnSODc antibody (data not shown). The specific activity of LjCuZnSODc was approximately 7 units per milligram of protein at the early stages of symbiosis but became undetectable in mature and old nodules, whereas the LjMnSOD activity was 13 units per milligram of protein in emergent nodules, decreased by 46% in young nodules, and remained at that low level thereafter (Fig. 5) . The MlMnSOD activity was undetectable in emergent nodules but increased in mature and old nodules relative to young nodules. The total FeSOD activity (LjFeSOD1 and LjFeSOD2) was detectable only in mature and old nodules, with values of 4 to 5 units per milligram of protein (Fig. 5) .
Immunohistolocalization of SODs in nodules.
The SOD proteins were immunolocalized in L. japonicus nodules at the four developmental stages using confocal laser- Fig. 3 . Expression of LjSOD genes during nodule development. Steady-state mRNA levels were quantified by quantitative reverse-transcription polymerase chain reaction in roots (R) and in emergent (N1), young (N2), mature (N3), and old (N4) nodules. The mRNA levels were normalized with respect to the housekeeping genes and were expressed relative to those of N1 nodules, which were arbitrarily given a value of 1. Data are means ± standard error of four biological replicates (RNA preparations) from at least three series of plants grown independently. scanning microscopy. In addition, differential interference contrast, combined with fluorescence microscopy, was used for a more precise localization of the proteins in emergent nodules. The LjCuZnSODc protein was localized in the central zone of emergent and young nodules ( Fig. 6A and B) , whereas the signal was barely detected in mature and old nodules ( Fig. 6C and D) . At the cellular level, LjCuZnSODc was localized in the cytoplasmic bridges of dividing cells (Fig. 6E ) and in the infection threads (Fig. 6F ) of emergent nodules. There was some weak labeling in the cytosol of infected cells in young nodules (Fig. 6G) . No fluorescent signal was observed in nodule sections incubated with either the primary antibody (data not shown) or the secondary antibody alone (Fig. 6H) .
The LjMnSOD and MlMnSOD proteins were localized with the same polyclonal antibody. The LjMnSOD was detected in the subtending roots of emergent nodules (Fig. 7A) and the MlMnSOD was found predominantly in the central zone of emergent nodules (Fig. 7A ) and in the infected cells of young, mature, and old nodules (Fig. 7B through D) . The labeling associated with MlMnSOD increased in the infected cells with nodule age (Fig. 7A through D) . In fact, because the bacteroids outnumber by far the mitochondria in the infected cells (Bergersen 1982) , the high fluorescence signal observed in the central zone is due mainly to MlMnSOD rather than LjMnSOD. This can be confirmed by the observation, at higher magnifications, that the signal was visible in the bacteria within infection threads of emergent nodules (Fig. 7E and F) and in the bacteroids of infected cells in the other developmental stages (Fig 7G) . In the oldest nodules, dense labeling also was found in decaying infected cells (Fig. 7H) . Control sections did not show any signal (data not shown).
The LjFeSOD protein was localized in the cortex and central zone of emergent nodules and in the subtending roots (Fig. 8A) , and in the cortex, vascular bundles, and infected zone of emergent (Fig. 8B) , mature (Fig. 8C) , and old (Fig. 8D ) nodules. At the cellular level, the LjFeSOD protein was found predominantly in the amyloplasts at all stages of nodule development (Fig. 8E through G) . There was also some weak labeling in the cytosol of mature nodules, particularly in "patches" next to the cell walls (Fig. 8G) . The signal was slightly enhanced with nodule age. Control sections did not show any signal (Fig. 8H) .
Immunogold localization of LjFeSODs in nodules.
Immunogold electron microscopy was used to verify the subcellular localization of the two FeSOD proteins in mature nodules (N3) of L. japonicus. Ultrathin sections were incubated with the same FeSOD antibody used for fluorescence and confocal microscopy studies and with a gold-conjugated goat anti-rabbit antibody. Consistent labeling was observed in the cytosol and amyloplasts of uninfected ( Fig. 9A and B) and infected ( Fig. 9C ) cells, which evidences the presence of the LjFeSOD1 (plastid) and LjFeSOD2 (cytosol) isoforms in nodules. No labeling was observed in sections incubated with nonimmune serum (Fig. 9D ).
DISCUSSION
The SODs are abundant antioxidants in plants, where they have the additional burden of scavenging the reactive oxygen species produced in photosynthesis. However, little is known about the expression of SODs in nonphotosynthetic tissues. In this work, we have characterized the genomic sequences of four SOD genes of the model legume L. japonicus and compared their expression at various stages of nodulation. These comparisons provide support for diverse functions of the SOD isoforms during symbiosis.
The LjCuZnSODc and LjMnSOD genes show exon-intron structures similar to the homologous genes of Z. mays (Scandalios 1997) and A. thaliana (Kliebenstein et al. 1998) . Interestingly, the 5′-UTR of the LjCuZnSODc gene is interrupted by the first intron. This also was the case with other plant CuZnSODc genes (Kliebenstein et al. 1998; Scandalios 1997) as well as for the APXc gene of P. sativum (Mittler and Zilinskas 1992) . The first intron interrupting the 5′-UTR of higher plant CuZnSODc genes revealed strong structural conservation and may have regulatory functions (Scandalios 1997) . On the other hand, the two LjFeSOD genes share similar exonintron composition but are located in different chromosomes and code for proteins targeted to different cellular compartments. Phylogenetic analysis, N-terminal sequences, and prediction programs of subcellular localization are consistent with at least two types of FeSODs, localized in the plastids and cytosol, in legumes and other higher plants. The coexistence of the two isoforms is evident in L. japonicus and G. max and, probably, also in V. unguiculata and A. thaliana. Additional isoforms may occur in mitochondria (Droillard and Paulin 1990; Srivalli and Khanna-Chopra 2001) , although this has not yet been conclusively proven.
The molecular information gathered for the four LjSOD genes was used to examine the expression patterns during nodule development. To our knowledge, this is the first time that the SOD isoforms were localized by immunohistochemistry in a determinate nodule, which is of interest for a comparison with our previous results in indeterminate nodules (Rubio et al. 2004 ). The steady-state mRNA level of LjCuZnSODc markedly decreased with nodule age and the corresponding protein and enzyme activity became virtually undetectable in mature and old nodules. This indicates that the LjCuZnSODc gene is developmentally regulated at the transcriptional level. The high levels of mRNA, protein, and activity in emergent nodules, along with the localization of LjCuZnSODc in the infection threads, suggest that this enzyme plays an important role early in the symbiosis. As proposed for indeterminate nodules (Rubio et al. 2004 ), a likely function of LjCuZnSODc during formation of determinate nodules would be to provide H 2 O 2 for the crosslinking of the matrix glycoprotein of infection threads. Indeed, accumulation of H 2 O 2 surrounding infection threads has been observed both in indeterminate nodules of Medicago sativa and P. sativum (Rubio et al. 2004; Santos et al. 2001 ) and in determinate young nodules of V. unguiculata (E. K. James, unpublished results). The immunohistochemical localization of CuZnSODc in emergent and young nodules of L. japonicus also is consistent with our previous finding that the CuZnSODc mRNA and activity are more abundant in the younger tissue (meristem and invasion zones) of indeterminate nodules (Rubio et al. 2004 ). These results, together with the observations that the CuZnSODc protein content and activity are higher in young than in old leaves of Nicotiana tabacum (Kurepa et al. 1997a) , reveal that CuZnSODc expression is associated mainly with young plant tissues, probably engaged in high mitotic and metabolic activity, and that the enzyme is downregulated with advancing age of plant organs.
Two MnSOD enzymes could be distinguished in L. japonicus nodules. As occurs with the homologous enzymes of other leg- umes (Matamoros et al. 2003) , the LjMnSOD of mitochondria is tetrameric and the MlMnSOD of bacteroids is dimeric, but both have similar subunit size (data not shown). Therefore, immunoblots of native-PAGE gels were used to separate the two proteins. The decrease in mRNA, protein, and activity of LjMnSOD reflects that the gene is transcriptionally downregulated during nodule development. However, the regulatory mechanisms of MnSOD expression may vary with the plant species, plant tissue, and stress conditions. Thus, during leaf senescence induced by prolonged darkness, the MnSOD protein and activity levels were upregulated in P. sativum (del Rio et al. 2003) but remained unaffected in A. thaliana (Kliebenstein et al. 1998) .
A novel contribution of this work is the characterization of two LjFeSOD genes differing in subcellular localization and expression pattern during nodule development. Whereas the mRNA level of plastidic LjFeSOD1 was not affected, cytosolic LjFeSOD2 was upregulated in old nodules. In N. tabacum, the FeSOD mRNA level decreased but the enzyme activity increased with leaf age (Kurepa et al. 1997b ). This lack of correlation was not observed for nodule LjFeSOD. Although we were unable to separate the activities of the two LjFeSOD isoforms on either native or isoelectric focusing gels, the increase in the total LjFeSOD protein and activity with nodule age is most likely due to the increase in the LjFeSOD2 mRNA level. The finding that the LjFeSOD1 mRNA level remains constant also is important because plastidic FeSODs generally are responsive to environmental cues (Kurepa et al. 1997c; Tsang et al. 1991) . The existence of a constitutive LjFeSOD1 isoform in nodules could buffer plastids against a sudden triggering of oxidative stress in plants exposed to adverse conditions. In fact, the plastids and amyloplasts appear to be the last organelles being degraded during stress-induced nodule senescence, probably because they contain key antioxidant proteins, such as ferritin, γ-glutamylcysteine synthetase, and ascorbate peroxidase (Hernández-Jiménez et al. 2002) .
More recently, high levels of a cytosolic FeSOD isoform, homolog to LjFeSOD2, were found in mature and old nodules of V. unguiculata (Moran et al. 2003) . Intracellular iron may regulate FeSOD expression in N. tabacum (Kurepa et al. 1997a ) and iron capable of catalyzing free radical production has been detected in senescing nodules of Phaseolus vulgaris (Becana and Klucas 1992) , G. max (Evans et al. 1999) , and Lupinus albus (Hernández-Jiménez et al. 2002) . Thus, the enhanced expression of LjFeSOD2 in L. japonicus nodules could be a response, at least in part, to the increase of free iron, perhaps as a result of leghemoglobin degradation in senescing tissue (Moran et al. 2003) . Furthermore, the LjFeSOD2 and LjCuZnSODc enzymes might functionally compensate each other in the cytosol of nodule host cells, given the contrasting patterns of their mRNA and activity levels during nodule development. Opposite expression patterns of plastidic CuZnSOD and FeSOD in response to the availability of copper and iron has been reported in leaves of P. sativum (Barón Ayala and Sandmann 1988) and N. tabacum (Kurepa et al. 1997c) , suggesting a similar compensatory phenomenon of SOD isoforms in the chloroplasts. We currently are studying the regulation of the different types of SODs in L. japonicus using promoter fusions to green fluorescent proteins. Such studies could provide new insights on the molecular basis and biological relevance for the distinct regulation patterns of the SOD genes during legume nodule formation and senescence.
MATERIALS AND METHODS
Biological material.
L. japonicus cv. Gifu seed were scarified using sandpaper and germinated at 28ºC in the dark for 2 days. Seedlings were grown in pots containing vermiculite under environment-controlled conditions (150 µmol m -2 s -1 , 16-h photoperiod, temperature regime of 21 and 18ºC, day and night, respectively) and were inoculated after 2 days with M. loti R7A. Emergent (N1), young (N2), mature (N3), and old (N4) nodules were harvested in liquid nitrogen at 5 to 7, 13 to 15, 34 to 40, and 50 to 56 days post inoculation, respectively. Control roots from unnodulated plants were harvested at the same age as emergent nodules. Root and nodule material was stored at -80ºC, except for nodules to be used for immunohistolocalization studies, which were processed fresh.
Isolation and characterization of LjSOD genes.
The LjSOD genes were isolated by screening bacterial artificial chromosome and transformation-competent artificial chromosome genomic libraries (Sato et al. 2001 ) with genespecific primers based on their cDNA sequences. As a result, the genomic clones LjCuZnSODc (LjB12K22), LjMnSOD (LjT13P21), LjFeSOD1 (LjT32I13), and LjFeSOD2 (LjT45M19) were isolated. The LjCuZnSODc (TC8588) and LjMnSOD (TC8244) cDNA sequences were available in the TIGR Lotus Gene Index database. To isolate the LjFeSOD clones, an L. japonicus nodule cDNA λZAP library (kindly provided by J. Stougaard, Denmark) was PCR screened. The 5′-and 3′-end regions of the LjFeSOD1 cDNA were amplified using primers based on the single EST available (BP034738). Specifically, the 5′-end region was amplified with the primers 5′-CTCTCTCTCCTTCTCTGCAA-3′ and T3 (5′-AATTAACC CTCACTAAAGGG-3′), and the 3′-end region with the primers 5′-GGAGAAGAACAGAGGAAGAAGA-3′ and T7 (5′-GC GTAATACGACTCACTATAGGGC-3′). An internal fragment of the LjFeSOD2 cDNA sequence was obtained by PCR screening the nodule cDNA library using degenerated primers (5′- A. thaliana (P21276) , and G. max (M64267). The 5′-and 3′-end regions of the LjFeSOD2 cDNA then were amplified using, for the 5′ end, the primers 5′-ATGTCAGCACTGGCAAGGAA-3′ and T3 and, for the 3′ end, the primers 5′-TGGTTATTACCCACTCA TGA-3′ and T7.
The PCR mix contained 240 nM primers, 240 µM deoxynucleoside triphosphates, and 0.5 to 1 U of SuperTaq DNA polymerase (BV Sphaero Q, Gorinchem, The Netherlands) in a final volume of 25 µl of PCR buffer. To amplify an internal fragment of LjFeSOD2, the PCR program comprised an initial denaturation step of 2.2 min at 95ºC, 40 cycles of amplification (45 s at 95ºC, 45 s at 62ºC, and 60 s at 72ºC), and a final elongation step of 10 min at 72ºC. To amplify the 5′-and 3′-end fragments of LjFeSOD1 and LjFeSOD2, the PCR consisted of two steps. The first PCR program for LjFeSOD1 comprised 4 min at 94ºC, followed by 40 cycles of amplification (for the 5′-end fragment, 45 s at 94ºC, 60 s at 54.9ºC, and 60 s at 72ºC; or, for the 3′-end fragment, 60 s at 94ºC, 60 s at 53.5ºC, and 60 s at 72ºC), and 10 min at 72ºC. The first PCR program for LjFeSOD2 comprised 4 min at 94ºC, followed by 40 cycles of amplification (for the 5′-end fragment, 45 s at 94ºC, 60 s at 56ºC, and 60 s at 72ºC; or, for the 3′-end fragment, 45 s at 94ºC, 45 s at 53.5ºC, and 60 s at 72ºC), and 10 min at 72ºC. In both cases, the second PCR was run with the same primers and PCR conditions described above, but using as template 5 µl of the product obtained in the first PCR. The PCR products were gel purified with the Qiaquick gel extraction kit protocol (Qiagen, Hilden, Germany), cloned in the pCR4-TOPO vector using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA, U.S.A.), and sequenced on both strands.
The predicted LjFeSOD amino acid sequences, along with other sequences from green algae and higher plants, were used to construct a phylogenetic tree by the neighbor-joining method with CLUSTALW1.75 (Thompson et al. 1994) and TreeView (Page 1996) programs. Subcellular localization predictions and signal peptide analyses were performed using the programs MitoProtII (Claros and Vincens 1996) , PSORT (Nakai and Kanehisa 1991) , and ChloroP and TransitP (Center for Biological Sequence Analysis, Department of Biotechnology, Technical University of Denmark).
Real-time qRT-PCR.
Total RNA was isolated from roots and nodules using the RNAqueous kit (Ambion, Cambridgeshire, U.K.). The RNA was treated with DNaseI (Roche, Penzberg, Germany) at 37ºC for 30 min and the absence of contamination with genomic DNA was tested in RNA samples using the primers of the plant (LjUbiquitin) and bacterial (MlsigA) housekeeping genes ( Table  2) . Reverse transcription was performed using poly-T 17 primer and Moloney murine leukemia virus reverse transcriptase (Promega Corp., Madison, WI, U.S.A.).
Real-time qRT-PCR was carried out in the iCycler iQ System (Bio-Rad, Hercules, CA, U.S.A.) using the iQ SYBR-Green Supermix (Bio-Rad) and gene-specific primers ( Table 2 ). The PCR program consisted of an initial denaturation and Taq activation step of 5 min at 95ºC, followed by 50 cycles of 15 s at 95ºC and 1 min at 60ºC. A melting curve analysis was performed after every PCR reaction to confirm the accuracy of each amplified product. All reactions were set up in duplicate. The mRNA levels were normalized against the housekeeping genes and were expressed relative to the values of the emergent nodules (N1), using the 2 -ΔΔCt method (Livak and Schmittgen 2001) .
Immunoblot analysis.
Proteins were extracted from roots, nodules, and leaves at 4ºC with 50 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 1% (wt/vol) polyvinylpyrrolidone-10, and 0.1% (vol/vol) Triton X-100, and were quantified by the Bradford microassay (Bio-Rad). Free-living bacteria were grown at 28ºC in yeast extract-mannitol medium, were harvested by centrifugation, and were disrupted by sonication (Becana et al. 1989) . Bacteroids were purified from nodules by differential centrifugation and were broken by sonication (Becana et al. 1989) . Proteins were resolved in 12.5% SDS-PAGE gels and 15% native-PAGE gels, and were transferred onto polyvinylidene fluoride membranes using a transfer buffer consisting of 25 mM Tris-HCl (pH 8.3), 192 mM glycine, and 20% methanol (SDS-PAGE) or 0.7% acetic acid (native-PAGE). Equal loading of lanes and transfer quality were verified by Ponceau staining of membranes. Immunoblot analysis was performed using rabbit polyclonal antibodies raised against CuZnSODc of Spinacea oleracea (Kanematsu and Asada 1990) , MnSOD of O. sativa (Kanazawa et al. 2000) , and V. unguiculata FeSOD (Moran et al. 2003) at dilutions of 1:3,000, 1:5,000, and 1:1,000, respectively. Goat anti-rabbit IgG horseradish peroxidase conjugated (Sigma, 
